Due to the characteristic of transmitting multiplexed signals in superposed mode over the same spectrum, non-orthogonal multiple access (NOMA) technology is deemed as a promising way to improve spectral efficiency in fifth generation (5G) networks. In this paper, we develop a NOMA cooperative system based on the two-path successive relaying concept, in which the data at the source node is divided into two parallel parts and is transmitted to the destination in superposed mode via the assistance of two amplify-and-forward (AF) relays. On the condition that the transmit power of the individual nodes and the entire system are all constrained, the maximization of achievable rate is formulated as an optimization problem. Following the guidelines of Karush-Kuhn-Tucher (KKT) conditions, the dual decomposition method is adopted to obtain the closed-form expressions of the optimal power allocation. Moreover, to balance the achievable rate between two superposed signals, which is equivalent to minimizing the required spectrum bandwidth, a power allocation scheme between the superposed signals is proposed. In order to verify the effectiveness and efficiency of the proposed power allocation scheme, we conduct extensive numerical simulation on some realistic system setup. The results demonstrate that our analytical insights about the optimal power allocation are aligned with the simulation outcome.
Introduction
In wireless networks, spectrum efficiency and energy efficiency are two most important metrics to consider, as their improvement is one of the promising means to realize broadband-green communication concept. Compared to the conventional orthogonal multiple access (OMA) scheme, non-orthogonal multiple access (NOMA) technique can further improve spectrum efficiency and system achievable rate, as the interference cancelation between difference users can be successfully implemented as long as one user's received signal-to-interference-plus-noise ratio (SINR) for the other user's signal is larger than or equal to the received SINR of the other user for its own signal [1] . Therefore, it has been deemed as a promising technique to mitigate spectrum congestion in the fifth generation (5G) networks [2] [3] [4] . On the other hand, with the assistance of relay(s), greater system capacity *Correspondence: ruby@szu.edu.cn 2 College of Computer Science and Software Engineering, Shenzhen University, Shenzhen, China Full list of author information is available at the end of the article can be obtained with the same power consumption or lower power consumption is required while keeping the system capacity intact [5, 6] . However, the spectral efficiency of cooperation system will be reduced greatly if the relay operates in half-duplex mode, as such relay(s) cannot transmit and receive signals simultaneously. Hence, two-path relay protocol is commonly used in cooperation systems. Consequently, when NOMA and two-path relay cooperation techniques are combined effectively, the performance of spectral efficiency and power consumption can be improved greatly. Currently, NOMA-based relaying systems have been an emerging research topic in the recent days.
For NOMA-based relaying systems, when relays operate in half-duplex decode-and-forward (DF) mode, many system models and resource allocation schemes already have been proposed. In [7] , for a system in which NOMA technique is applied in both direct and relay transmissions, analytical expressions for outage probability and ergodic sum capacity are derived. In [8] , a NOMA-based relaying system is proposed to improve spectral efficiency as To enhance system flexibility, in [25] , for NOMAequipped cooperative networks with both the DF and AF relaying protocols, where one base station communicates with two mobile users with the aid of multiple relays, a two-stage relay selection strategy is proposed while considering different quality-of-service (QoS) requirements of the users. In [26] , the analytical performance of a NOMA-equipped cellular system, with multiple AF and DF relays, is analyzed and then compared with that of four traditional schemes. To enable continuous signal transmission, a full-duplex cooperative NOMA system between dual users is proposed in [27] and then the outage probability and achievable ergodic sum capacity of the corresponding system are investigated. In [28] , a NOMA-based multi-pair two-way relay network is developed, and then, a rate splitting scheme and a successive group decoding strategy are proposed to optimize its performance.
Under saturated traffic scenarios, a source node usually transmits messages continuously at every time slot. If the corresponding system has a relay that forwards messages to the destination, this relay should have fullduplex functionality or more than one relay should be deployed in order to avoid buffer overflow at the source node. Two-path relaying is one of the complementary techniques to mitigate the hardware difficulty in realizing full-duplex functionality of a single relay node. To the best of our knowledge, only the authors in [28] considered the joint two-path relay and NOMA-based scenario. Nevertheless, they just focused on rate splitting and group decoding for NOMA-equipped multi-pair scenario and ignored optimal power allocation among the source and relay nodes. In this paper, we develop a NOMA-based two-path relay system with the full interference cancellation (FIC) concept, where a source node transmits signals to a single user under the assistance of two AF relays with half-duplex mode. In such system, while targeting on the maximization of achievable rate and the minimization of required frequency band, the power allocation among the source and relay nodes, is formulated as an optimization problem. Following the guidelines of Karush-KuhnTucker (KKT) conditions, the dual decomposition method is adopted to solve both problems. Though the commonly used multicarrier scenario is not considered, the proposed scheme can be extended the multicarrier case with imperfect CSI, such as the system model in literature [29] . Overall, the main contributions of the paper are listed as follows.
• We have shown the idea of a NOMA-based novel two-path relaying system, where the target information of the source node is divided into two equal streams and they are transmitted to the destination via two half-duplex AF relays in superposed mode. Because of adopting the idea of superposition model in the NOMA technique, intuitively, lower level of system frequency is required compared to a system with OMA scheme. In such system, while targeting on the maximization of the system capacity, the power allocation among the source and relay nodes is an optimization problem given that there are power constraints at the individual nodes as well as the entire system. The dual decomposition method is adopted to obtain the closed form expressions of the optimal power allocation.
• Once the optimal power allocation at each node is known, in order to separate the superposed received messages at the destination, the optimal power allocation between the two data streams is formulated as an optimization problem while targeting on the minimization of the required frequency band. Similar to the solution scheme of the first problem, the dual decomposition method is adopted to obtain the closed form expression of the optimal power allocation.
• We conduct extensive numerical simulation in order to verify the effectiveness and accuracy of the proposed power allocation scheme from different angles. Under different scenarios, we verify the analytical insights of the proposed power allocation scheme with the simulation results.
The rest of the paper is organized as follows. In Section 2, a novel NOMA-based two-path AF relay system model is presented, and then, the corresponding optimization problem is formulated. The optimal power allocation strategy is proposed in Section 3. We evaluate the proposed scheme in Section 4. Finally, we conclude the paper with some future research direction in Section 5.
System description
In Fig. 1 , we demonstrate a novel NOMA-based two-path successive relay system. The system consists of a source node, a destination node, and two relays that operate in AF mode. For notational simplicity, the channel gain between two corresponding terminals is denoted as h i , i ∈ {1, 2, · · · , 6}. It is supposed that the relays work in halfduplex mode. Therefore, when the source node transmits signals continuously at every time slot, relay 1 and relay 2 receive the transmitted signals and forward them to the destination successively in an alternative manner 1 .
For such two-relay cooperative systems, the location of the relays affects system performance greatly. Hence, to maximize the system achievable rate, the relays should be put on the optimal positions. Generally speaking, when the interference between two relays can be canceled completely, the relays are usually put in the same place due to the sake of management. Hence, the distance from the relays to the source and the destination are equal.
The [6, 30] , it is assumed that the channel between the source node and the destination node is in deep fade, and hence, the direct link between them can be ignored. The channel gain between two nodes is constant in a symbol duration, and it is inversely proportional to the fourth power of the distance between the transmitter and the receiver. Noise signal of each link follows Additive White Gaussian Noise (AWGN) distribution with zero mean and σ 2 variance.
To facilitate the formulation, it is assumed that relay 1 and relay 2 receive signal from the source node and forward it to the destination in odd and even symbol duration, respectively. When the source node transmits its superposed signals, the forwarded signal from relay 1 in the odd nth slot can be shown as:
where p r is the transmit power at relay 1 and α 1 is amplifying coefficient, which can be expressed as
is the received signal in the (n − 1)th symbol period and it can be formulated as (2) , where x 2 [ n − 1] is the transmitted signal from relay 2 in the (n − 1)th symbol duration, η 1 [n − 1] is the noise added to received signal, and s 1 [n − 1] and s 2 [ n −1] are the transmitted superposed signals in the (n − 1)th symbol duration. From now on, for the sake of simplicity,
Therefore, the received signal at the destination in the nth symbol duration can be shown as:
where
is the additive Gaussian noise with zero mean and σ 2 variance. In (3),
is the additive noise at the destination, and the term α 1 h 3 h 6 x 2 [n − 1] is the interference from relay 2 which should be canceled or suppressed.
In the (n + 1)th even symbol duration, the received signal at the destination can be obtained in the similar manner, which can be shown as (4), where x s [ n] is the transmitted superposed signal from the source in the nth symbol duration, η d [ n] is the noise signal, and α 2 is an amplifying factor.
It is assumed that the transmit power of the relays are equal in the system. Hence, the corresponding amplifying factor at the relays can be represented
, where the transmit power at both relay 1 and relay 2 are considered as the same and it is p r . Without loss of generality, we assume that all the additive Gaussian noise be independent and identically distributed (i.i.d) with zero-mean and σ 2 variation.
3 Achievable rate analysis and optimal power allocation (5), which implies that only when the combined signal achieves maximal rate can C 1 + C 2 reach its maximal point. Consequently, in order to maximize the system achievable rate, the achievable rate of the superposed signals should be maximized. In this paper, under predetermined constrains, we first explore the optimal power allocation between the source and relay nodes in order to obtain the maximal achievable rate. Then, we propose a power allocation strategy to balance the transmission rate between different data streams while targeting on the minimization of the required frequency band.
Achievable rate analysis and problem formulation
In the nth odd symbol duration, the received signal at the destination is shown as (3), from which we can see that x 2 [n−1] is the forwarded signal from relay 2. On the other hand, the received signal at the destination in the (n−1)th symbol duration can be shown as
, based on which the interference from Relay 2 can be canceled. Hence, (3) can be rewritten as (6) , where
(
The resultant SNR can be shown as (7).
As all the additive noise is assumed to have zero mean and unit variance, after substituting the expression of α 1 , the achievable rate in the odd symbol duration can be shown as C odd = log 2 
In the same way, the achievable rate in the even symbol duration can be obtained, which is shown as C even = log 2 
Maximizing the system achievable rate is equivalent to maximizing the achievable rate at both the odd and even symbol duration. However, under given constraints on transmit power, it is impossible to obtain maximal achievable rate in both the even and odd symbol duration simultaneously due to the variation channel fading. Therefore, we investigate the system achievable rate at the odd and even symbol duration separately while realizing the optimal power allocation. As both the processes and schemes are similar, we only present the scheme to maximize the achievable rate at the odd symbol duration for brevity, and the maximal achievable rate in the even symbol duration can be obtained in the similar manner. For notational simplicity, we use f i to denote |h i | 2 , i ∈ {1, 2, · · · , 6} hereafter. It is straightforward to see that maximizing the achievable rate is equivalent to maximizing the SNR of the received signal. Hence, the optimization problem at the odd symbol duration can be formulated as:
where p s max and p r max are the maximal transmit power that the source node and the corresponding relay node can provide, respectively, and p max is the total transmit power due to the consideration of interference threshold to other users when a cognitive scenario is investigated.
It is easy to see the formulation in (8) is a convex problem, so there is a optimal solution. However, though p r only appears in the numerator of expression, p s appears both in the numerator and denominator. Furthermore, three constrains on them should be considered jointly. Hence, it is difficult to obtain the solution straightforwardly.
The optimization of the achievable rate
To solve the problem in (8), the dual decomposition method is adopted. As a result, the resultant Lagrange function can be obtained, which can be shown as:
where λ i , i ∈ {1, 2, 3} are Lagrange multipliers with constraint λ i ≥ 0. Based on the dual method, the relations in (10) can be derived while taking KKT conditions into account.
According to (10) , the scheme to achieve the optimally allocated power is presented as follows.
On On the condition that p s max + p r max > p max holds, it is unlikely that both λ 2 > 0 and λ 3 > 0 occur, which implies that p r = p r max and p s = p s max should be set. Hence, there is no available solutions for this case. Consequently, to maximize the system achievable rate in the odd symbol duration, three cases need to be considered: (1) λ 2 = 0 and λ 3 > 0, (2) λ 3 = 0 and λ 2 > 0, and (3) λ 2 = 0 and λ 3 = 0.
Case 1: λ 2 = 0 and λ 3 > 0 For this case, based on (10e), p r = p r max can be concluded. Combining with the p s + p r = p max condition, p s = p max − p r max can be derived. To identify its application scenario, substituting the allocated power into (10a) and (10b), and combining with the λ 3 > 0 constraint, the following can be derived:
It implies that when the relation in (11) is satisfied, p r = p r max and p s = p max − p r max are the optimal level of power to maximize the system achievable rate. To simplify nota-
It is easy to see that b > 0 always holds. Accordingly, the relation in (11) can be rewritten as (12) . Case 2: λ 3 = 0 and λ 2 > 0 For this case, the solution can be obtained in the similar manner as that of case 1. As a result, p s = p s max and p r = p max − p s max can be concluded. As λ 2 > 0, combined with (10a) and (10b), the corresponding applicable condition can be shown as:
Taking the defined notations a, b, and c in case 1, (13) can be rewritten as:
It is easy to see that For this case, substituting λ 2 = 0 and λ 3 = 0 into (10a) and (10b), the following can be obtained:
In (15), once λ 1 and p s are eliminated, (16) can be derived. Then, it can be rewritten as (17) .
For the relation in (17), the feasible solution can be derived 3 , which can be shown as (18) under both the a > 0 and a < 0 conditions. As a result, the corresponding allocated power for the source node can be obtained, which can be shown as (19) . 
Combining all the above cases, the optimal power allocation scheme can be summarized as follows.
•
max and p s = p s max should be set.
In the similar manner, to maximize the achievable rate in the even symbol duration, the allocated power can be obtained, which is shown as follows, where c = f 2 f 6 −f 5 f 6 − f 4 f 5 − f 4 f 6 and d = f 2 f 6 p max + f 6 .
• On the condition that p r 
The optimization of the required frequency band
As shown in (5), when total transmit power p s is fixed and channel state information is given, the optimal system achievable rate can be determined. Nevertheless, for the given power p s obtained optimally from the previous subsection, the proportional factors between the transmit data streams s 1 and s 2 affect the system spectral efficiency. As we know, for the given data stream C, when they are divided equally into two halves and transmitted in parallel mode with NOMA technique, the required frequency bandwidth is minimal, that is C/2. If C 1 = C 2 , the required frequency is the bigger one, which means it is greater than C/2. Consequently, to minimize the required system bandwidth, the allocated power on two data symbols and relay should guarantee C 1 = C 2 . Hence, (20) can be concluded, and its solution can be shown as (21) .
From (7) 
Performance evaluation
In this section, a linear network is simulated to verify the effectiveness of our proposed schemes. Generally speaking, wireless channel is affected by Rayleigh and shadow fadings. For the resultant channels (in between the source, the relays and the destination) in the considered system, Rayleigh fading is statistically the same, and hence, we only consider the shadow fading in the simulation. To simplify the simulation process, the parameters of the shadow fading, represented by f i = |h i | 2 , i ∈ {1, 2, · · · , 6}, are generated randomly in the (0, 1) range. Furthermore, as two relays are put together, their distance towards the source node and the destination node are equal, and so the allocated power in the odd and even symbol duration are the same. Consequently, for the sake of brevity, we only evaluate the performance of the odd symbol duration. Without loss of generality, it is furthermore assumed that all the Gaussian white additive noises are independent and identically distributed (i.i.d.) with zero mean and unit variance. For the sake of notational simplicity, all the transmit power and power consumption are normalized by the power of the additive noise in the following simulations. Figure 2 shows the achievable rate of the system in the odd symbol duration with respect to the maximal total transmit power p max . In this figure, two scenarios are considered, which are p s max = p r max = 10 w and p s max = P r max = 20 w. The equal power allocation scheme is considered as the benchmark scheme, the idea of which is p s = p r with the p r + p s ≤ p max constraint. From (2018) Fig. 2 The system achievable rate with the increasing total transmit power threshold the results, it can be seen that the achievable rate of our proposed scheme is always larger than that of the equal allocation scheme for the same total transmit power p max . It is understandable that when p max < p s max + p r max , the proposed scheme can allocate the total transmit power optimally in accordance with the specific channel condition to maximize the system capacity. However, the allocated power obtained by the equal allocation scheme always remains fixed irrespective of the instant channel state information, which is not necessary the optimal allocated power. At the same time, when p max ≥ 16 w, the system capacity of scenario p s max = P r max = 20 w is greater than that of scenario p s max = P r max = 10 w though their total power consumption is the same. As the constrains p s ≤ p s max and p r ≤ p r max are considered during power allocation, the allocated power allocated with larger maximal transmit power threshold (p s max or P r max ) is more optimal than smaller one in maximizing system capacity.
The corresponding power consumption in Fig. 2 is also shown in Fig. 3 for the p r max = p s max = 10 w scenario. Combined with Fig. 2 , it can be concluded that the proposed scheme can obtain greater achievable rate while consuming the same level of power. It can also be seen that, at the p max = 20 w point, resultant both the relay transmit power and the source transmit power are the same no matter these are obtained by our scheme or the benchmark scheme. We know that under the p max = 20 w and p r max = p s max = 10 w conditions, p max ≥ p s max + p r max holds. As a result, according to the proposed scheme, p r = p r max and p s = p s max should be set. It also can be seen that when p max < 20 w, it holds that p s > p r . It is easy to know that the received signal at a relay is the combination of two transmitted signals that are from source node and the other relay simultaneously. The transmitted signals from relay is the intended signal for destination, but it is interference for the other relay. Hence, in order to obtain maximal system capacity, the transmit power of source node should always be greater than or equal to the allocated power of relay. Therefore, we can say that the simulation results are consistent with the theoretical analysis discussed above.
Under the same settings, once the allocated power to maximize the system achievable rate is obtained, the 
